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D
uring the 4 stages of adult-acquired flatfoot deformity 
(AAFD), care is mostly commonly sought by patients at 
stage 2, at which both symptoms and foot deformity begin to 
impair functional ability. Stage 1 AAFD is marked by pain and
swelling along the posterior tibial tendon, 
without foot deformity.4,6 Stage 2 AAFD 
is characterized by degeneration and 
elongation of the posterior tibial tendon, 
as well as flexible flatfoot deformity,8,20,23 
including damage to the midfoot joint 
capsules (eg, talonavicular and navicu-
locuneiform) and associated ligaments 
(eg, spring ligament).7 Operative care is 
typically indicated at stage 3, when the 
flatfoot deformity becomes fixed, and at 
stage 4, when deformity progresses to 
the ankle joint.6 Foot deformity associ-
ated with AAFD can result in decreased 
stability of the midfoot, which is needed 
for the efficient transfer of force from the 
rearfoot to the forefoot. Thus, stage 2 is 
a critical time for nonoperative interven-
tions. At this stage, therapeutic inter-
ventions that lead to increased midfoot 
stability may result in improved midfoot 
function and less strain on the posterior 
tibialis tendon during daily tasks.
Clinical data suggest that individuals 
with AAFD exhibit impaired ability to 
perform a single-limb heel rise.1,15,16 The 
single-limb heel rise requires joint angles 
and moments similar to those of walk-
ing.10 During the terminal stance phase of 
walking, the foot supinates in preparation 
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for push-off.21 Supination creates a more 
rigid midfoot, allowing the foot to func-
tion as a lever to transmit plantar flexor 
force from the rearfoot to the metatarsal 
heads and propel the body forward.21 In 
terminal stance, persons with stage 2 
AAFD demonstrate signs of midfoot in-
stability, as indicated by reduced forefoot 
plantar flexion (PF) compared to that 
of healthy controls.21,24,30 Due to similar 
loading of the foot during walking,10 re-
duced forefoot PF also may impair the 
ability of individuals with AAFD to per-
form a single-limb heel rise.
The single-limb heel rise is often used 
as a test of plantar flexor endurance by 
counting the maximum number of repeti-
tions at a specified heel-rise height.13,18,19 
However, the heel-rise height that indi-
viduals with AAFD achieve has not been 
investigated. To date, foot and ankle kine-
matics in persons with stage 2 AAFD have 
only been evaluated during the bilateral 
heel-rise test.11 A previous study by Houck 
and colleagues11 found that individuals 
with unilateral AAFD achieved similar bi-
lateral heel-rise height, as well as similar 
forefoot (first metatarsal relative to cal-
caneus) and rearfoot (calcaneus relative 
to tibia) PF excursions, to that of healthy 
controls. However, the heel-rise height in 
persons with AAFD was achieved with 
the forefoot in significant pronation.10,11 
Given the higher loads associated with a 
single-limb heel rise, it is unclear whether 
persons with AAFD would continue to 
generate sufficient forefoot and rearfoot 
motion from a pronated foot position 
to achieve a similar heel height relative 
to controls. Further, if individuals with 
AAFD are unable to achieve a specified 
heel-rise height, it is unknown whether 
abnormal forefoot or rearfoot motions 
contribute to a lower height.
Although impaired single-limb heel-
rise performance is often associated with 
AAFD, age may also influence perfor-
mance and foot-ankle kinematics. For 
example, it has been reported that older 
adults have a more pronated foot posture 
than younger adults.27,29 In addition, older 
adults have less forefoot and ankle excur-
sions than younger adults.29 Finally, while 
there is controversy over what defines a 
normal number of heel rises in healthy 
young adults,18,19 it is clear that the num-
ber of heel rises declines with age, sug-
gesting that endurance is impaired.13 In 
addition, it is not clear whether heel-rise 
height also declines with age. Because 
the peak incidence of AAFD occurs at 
55 years,6 age may contribute to the dif-
ficulty individuals with AAFD experience 
with a heel rise. Recognizing this issue, 
most studies that have evaluated foot-
ankle kinematics in AAFD have used 
age-matched controls.11,16,24,30 Therefore, 
comparing younger and older controls 
will clarify whether restoring foot-ankle 
kinematics to that of a young adult is a 
reasonable clinical goal for older persons 
with AAFD.
The purpose of this study was to 
compare heel-rise performance, as well 
as forefoot and rearfoot kinematics, be-
tween persons with stage 2 AAFD, older 
controls, and younger controls. The first 
hypothesis was that individuals with 
AAFD would demonstrate lower heel-
rise height compared to older controls. 
The second hypothesis was that, when 
compared to older controls, individuals 
with AAFD would demonstrate (1) joint 
angles consistent with pronation (lower 
first metatarsal PF and higher ankle PF 
in the sagittal plane, and lower subtalar 
inversion in the frontal plane), and (2) 
lower sagittal plane and frontal plane ex-
cursions (lower first metatarsal and ankle 
excursions in the sagittal plane, and lower 
subtalar excursion in the frontal plane). 
The third hypothesis was that older con-
trols and younger controls would exhibit 
similar differences in heel-rise perfor-
mance and foot-ankle kinematics ( joint 
angles and excursions).
METHODS
Participants
T
wenty individuals with stage 2 
AAFD and 30 individuals without 
AAFD volunteered to participate in 
this study. Individuals with AAFD were 
TABLE 1 Subject Characteristics*
Abbreviations: AAFD, adult-acquired flatfoot deformity; BMI, body mass index; FFI-R, revised Foot 
Function Index.
*Values are mean  SD unless otherwise indicated.
†Older controls different from younger controls based on pairwise comparisons.
‡Significance of between-group differences using a 1-way analysis of variance.
§Significance of chi-square test.
║AAFD different from older controls based on pairwise comparisons.
Controls
Younger (n = 15) Older (n = 15) AAFD (n = 20) P Value
Age, y 22  2.4† 56  5.3 57  11.3 <.001‡
Female, % 80 73 70 .798§
Weight, kg 64  9.7† 77  17.1 83  17.0 .003‡
Height, m 1  0.1 1  0.1 1  0.1 .115‡
BMI, kg/m2 22  2.3† 26  4.4║ 30  5.2 <.001‡
Arch height index 0.35  0.03 0.33  0.03║ 0.30  0.03 <.001‡
FFI-R (range)
Pain (17%-100%) 16.7  0 16.7  0║ 33.0  14.8 .001‡
Stiffness (17%-100%) 16.7  0 17.2  1.9║ 33.8  14.5 <.001‡
Difficulty (10%-100%) 9.8  0 10.4  1.0║ 37.7  18.4 <.001‡
Activity (17%-100%) 16.7  0 16.7  0║ 33.2  20.3 .012‡
Social (17%-100%) 16.7  0 16.7  0.5 29.9  22.2 .078‡
Average (15%-100%) 15.3  0 15.6  0.6║ 33.4  16.3 .001‡
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included if they were diagnosed with 
stage 2 AAFD by an orthopaedic surgeon. 
A clinical diagnosis of stage 2 AAFD was 
defined using 2 criteria, one related to 
tendinopathy and the other to flatfoot de-
formity. Participants had to have at least 
1 of the following signs and symptoms of 
tendinopathy along the posterior tibial 
tendon: (1) tenderness to palpation, (2) 
swelling, or (3) pain with the unilateral 
heel rise. In conjunction with tendinopa-
thy, participants in the AAFD group also 
had to demonstrate at least 1 sign of flex-
ible flatfoot deformity (deformity could 
be passively corrected in a non–weight-
bearing position), including (1) excessive 
forefoot abduction, (2) midfoot collapse, 
or (3) rearfoot abduction during stand-
ing. Persons were excluded from the 
AAFD group if they could not perform 
a heel rise (were unable to lift the heel 
off the floor) or had other foot conditions 
(eg, plantar fasciitis, insensate feet) or a 
history of foot or ankle surgery.
Demographic, self-report, and clinical 
measures were tabulated to describe the 
sample characteristics (TABLE 1). The re-
vised Foot Function Index, a valid and re-
liable self-report measure of foot function, 
was used to describe functional status.2 
The arch height index (AHI) was calcu-
lated for all participants to determine foot 
posture. Briefly, the AHI was calculated 
by dividing the height of the dorsum of 
the foot by the truncated foot length (de-
fined as the length from first metatarsal 
joint line to the back of the heel). Butler 
and colleagues3 reported a normal AHI 
(90% weight bearing) to be 0.34  0.03. 
A lower AHI represents a lower dorsum 
height in proportion to the truncated foot 
length, indicating a flatter foot posture.
A control group of 15 older adults 
similar in age to the AAFD group (50 to 
65 years of age) and a control group of 15 
younger adults (18 to 30 years of age) were 
recruited to examine the potential effect 
of age on heel-rise kinematics in healthy 
adults (TABLE 1). Because AAFD is more 
common in women,17,23,26 both control 
groups were recruited to provide a sample 
of 70% to 80% women (TABLE 1). Persons 
were excluded from the control groups if 
they had a lower extremity injury in the 
past 6 months, a history of foot or ankle 
surgery, or pain with a unilateral heel rise.
Given the sample size and a minimum 
power of 80%, the study was designed 
to detect differences between groups 
of variable magnitudes, depending on 
the analysis performed.11 For peak heel-
rise height normalized to truncated foot 
length, the sample size allowed for detec-
tion of a 10% difference between groups. 
For the comparison of AAFD versus 
older controls, we estimated the ability 
to detect differences of 6°, 4.5°, and 3° 
for first metatarsal PF/dorsiflexion (DF), 
ankle PF/DF, and subtalar inversion/
eversion, respectively. For the compari-
son of younger versus older controls, we 
estimated the ability to detect differences 
of 3°, 3°, and 2° for first metatarsal PF/
DF, ankle PF/DF, and subtalar inversion/
eversion, respectively. All subjects were 
informed of the study procedures and 
signed a consent form approved by the 
University of Rochester Research Sub-
jects Review Board and the Ithaca Col-
lege All College Review Board for Human 
Subjects Research.
Kinematic Measurements
A 5-segment foot model, which included 
the hallux, first metatarsal, second to 
fourth metatarsals, calcaneus, and tibia, 
was used to collect kinematic data (FIGURE 
1). First metatarsal kinematic variables 
were defined by first metatarsal motion 
relative to the calcaneus. Ankle and sub-
talar kinematic variables were defined by 
calcaneal motion relative to the tibia in 
the sagittal and frontal planes, respec-
tively. Each segment was tracked by a set 
of 3 infrared markers on a thermoplastic 
molded platform, which was attached to 
the skin with double-sided adhesive tape. 
The error associated with skin-mounted 
markers in comparison to bone-mounted 
markers has been reported to be 2.3° in 
the sagittal plane for the first metatarsal,31 
and 2.6° and 2.3° in the sagittal and 
frontal planes for the calcaneus, respec-
tively.22 Kinematic data were collected at 
a rate of 60 Hz from a 6-camera, 3-D mo-
tion-capture system (Optotrak; Northern 
Digital Inc, Waterloo, Ontario, Canada).
Force data were collected at a rate of 
1000 Hz from a single force plate (model 
9286; Kistler Group, Winterthur, Swit-
zerland). Kinematic and force data were 
synchronized through MotionMonitor 
Version 7.24 software (Innovative Sports 
Training, Inc, Chicago, IL). Consistent 
with a previous study,11 digitized points 
were used to establish an anatomic coor-
dinate system for each segment, with the 
y-axis oriented superior/inferior (positive 
is superior), the x-axis oriented anterior/
posterior (positive is anterior), and the 
z-axis oriented medial/lateral (positive 
is toward the subject’s right). A digitized 
point at the base of the heel was used to 
estimate heel height during the heel-rise 
test. A fourth-order, zero-phase-lag, But-
terworth filter with a cutoff frequency of 
6 Hz was used to smooth kinematic data. 
A Cardan z-x-y sequence of rotations was 
used to calculate relative joint angles ac-
cording to the standardization proce-
dures suggested by Cole et al.5
Procedures
Participants were instructed to perform 
unilateral heel rises by lifting the heel as 
high as possible at a comfortable pace 
over a 5- to 15-second interval. To mini-
mize discomfort and maximize peak heel 
height, participants stopped once they 
FIGURE 1. Foot and ankle kinematic model.
44-04 Chimenti.indd   285 3/19/2014   5:38:57 PM
Jo
ur
na
l o
f O
rth
op
ae
di
c 
&
 S
po
rts
 P
hy
sic
al
 T
he
ra
py
®
 
 
D
ow
nl
oa
de
d 
fro
m
 w
w
w
.jo
spt
.or
g a
t G
eo
rge
 Fo
x U
niv
 on
 A
pri
l 2
7, 
20
16
. F
or 
pe
rso
na
l u
se 
on
ly.
 N
o o
the
r u
ses
 w
ith
ou
t p
erm
iss
ion
. 
 
Co
py
rig
ht
 ©
 2
01
4 
Jo
ur
na
l o
f O
rth
op
ae
di
c 
&
 S
po
rts
 P
hy
sic
al
 T
he
ra
py
®
. A
ll 
rig
ht
s r
es
er
ve
d.
286  |  april 2014  |  volume 44  |  number 4  |  journal of orthopaedic & sports physical therapy
[ research report ]
completed at least 3 repetitions (range, 
3-8 repetitions). To assist with balance, 
participants were given fingertip-to-hand 
support. The difference in vertical ground 
reaction force between flatfoot stance and 
peak heel rise was assessed to determine 
if the AAFD group used more support. 
On average, the vertical ground reac-
tion force in the AAFD group changed 
by a mean  SD of 15.3%  11.4% body 
weight (range, 3.1%-35.1%), whereas 
the control group changed by 2.6%  
1.8% body weight (range, 1.2%-8.9%). 
The greater change in vertical ground 
reaction force in the AAFD group sug-
gests that these individuals used greater 
fingertip-to-hand support. However, the 
load on the foot for all groups during the 
single-limb heel rise was still substantial-
ly higher than that of a bilateral heel rise, 
which has been reported to range from 
28% to 58% of body weight.11
Due to differences in foot posture be-
tween groups (see AHI values in TABLE 
1), a common position between groups 
was needed to compare joint angles. 
The subtalar neutral position served as 
a common position for all subjects and 
was considered “0” for all joint-position 
kinematic variables. The examiner was 
an experienced physical therapist who 
was reliable in performing subtalar joint 
neutral positioning. The examiner’s test-
retest reliability in the AAFD group (n = 
8) and control group (n = 15) was as fol-
lows: first metatarsal PF/DF, intraclass 
correlation coefficient [ICC] = 0.984 and 
standard error of measurement [SEM], 
0.79°; ankle PF/DF, ICC = 0.933 and 
SEM, 1.2°; subtalar inversion/eversion, 
ICC = 0.963 and SEM, 0.59°. The er-
ror from the current study is similar to 
that of previously published studies (2 
SEMs of 2.4° or less for all variables).11,12 
The examiner guided the subject from 
a relaxed standing posture to a subtalar 
neutral position by instructing the sub-
ject to raise or lower the arch of the foot 
until the medial and lateral sides of the 
talar head were equally prominent based 
on palpation. The subject maintained 
this position while 1 second of kinematic 
data were collected. Joint angles during 
the unilateral heel rise were reported in 
relation to the subtalar neutral position.
A similar first metatarsal PF angle in 
the subtalar neutral position was achieved 
between groups (younger, –26.8°  4.7°; 
older, –29.6°  5.4°; AAFD, –30.4°  
8.6°; 1-way analysis of variance [ANO-
VA], P = .285).11 Additionally, average 
ankle PF and subtalar inversion angles 
in the subtalar neutral position were 
similar between groups (1-way ANOVA 
pairwise comparisons, P>.05), indicating 
that the relative “0” position defined for 
each group was equivalent for all planned 
comparisons.
Data Analysis
To compare kinematic values between 
subjects, data were normalized to the 
heel-rise cycle (101 points). At least 3 
heel-rise cycles, defined by ankle mo-
tion in the sagittal plane, were averaged 
for analysis. To eliminate the influence 
of different foot lengths on heel-rise 
performance, height was normalized to 
truncated foot length (TABLE 2). Truncat-
ed foot length was defined as the length 
from first metatarsal joint line to the back 
of the heel. Similar to a previous study,11 
2 points of the heel rise were used for 
analysis: (1) the midpoint of the prepa-
ratory phase, defined by peak ankle DF, 
which occurred at approximately 15% of 
the heel-rise cycle; and (2) the peak of the 
rising phase corresponding to maximum 
ankle PF. The preparation phase repre-
sented the point in time when the foot 
was transitioning from one heel rise to 
the next. The peak heel rise was the point 
in time when the foot reached maximum 
height. Excursion was defined as the dif-
ference in joint angle between the prepa-
ration and rising phases. There were no 
significant kinematic differences between 
the left and right sides of control subjects, 
thus the left side was arbitrarily chosen 
for comparison.
Statistical Analysis
To test the first hypothesis related to 
heel-rise performance, a 1-way ANOVA 
was used to examine differences between 
groups. If the ANOVA was significant, 
pairwise comparisons were used to test 
which groups differed from each other. To 
test the effect of disease on performance, 
the AAFD group was compared to the 
older control group. To test the effect of 
age on performance, the older control 
group was compared to the younger con-
trol group. Pairwise comparison between 
AAFD and younger controls was not con-
ducted due to the confounding effects of 
disease and age.
The second and third hypotheses re-
garding group differences in sagittal and 
frontal plane kinematic variables were 
assessed using (1) 2-way, mixed-effects 
ANOVAs (3 groups by 2 phases) for peak 
joint angles and (2) 1-way ANOVAs for 
joint excursions. This analysis was re-
peated for each kinematic variable of in-
terest. For all ANOVAs, significant main 
TABLE 2 Heel-Rise Performance*
Abbreviation: AAFD, adult-acquired flatfoot deformity.
*Values are mean  SD unless otherwise indicated.
†Older controls different from younger controls based on pairwise comparisons.
‡AAFD different from older controls based on pairwise comparisons.
§Significance of between-group differences using a 1-way analysis of variance.
Controls
Younger (n = 15) Older (n = 15) AAFD (n = 20) P Value
Peak heel height, cm 11.8  1.7† 10.6  1.2‡ 7.8  1.3 <.001§
Truncated foot length, cm 18.3  0.9 18.8  1.9 18.7  1.4 .560
Normalized peak heel height, % 63.4  9.6† 55.8  6.4‡ 40.7  8.1 <.001§
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or interaction effects were followed by 
least-significant-difference procedures to 
determine significant pairwise compari-
sons (AAFD versus older controls and 
older controls versus younger controls).
To examine whether demographic 
variables (eg, gender and body mass in-
dex) should have been included as covari-
ates in the ANOVAs, associations among 
demographic variables and foot-ankle 
kinematic variables were examined by 
group (Pearson correlation coefficients). 
There were no significant associations 
among demographic and kinematic vari-
ables for all 3 groups. All analyses were 
performed with SPSS Statistics Version 
20.0 (IBM Corporation, Armonk, NY). 
Statistical significance was defined as 
a 2-tailed P value of .05 or less for all 
analyses.
RESULTS
Normalized Heel-Rise Height
T
he ANOVA comparing normal-
ized heel-rise height between groups 
was significant (P<.001) (TABLE 2). 
Pairwise comparisons revealed that the 
AAFD group exhibited lower normalized 
heel height than older controls (P<.001). 
Also, the older control group demonstrat-
ed lower normalized heel height than the 
younger control group (P = .014).
Peak Joint Angles
There was a significant group-by-phase 
interaction for first metatarsal PF 
(P<.001) (TABLE 3). Pairwise comparisons 
showed that during the preparation-
phase point (15% of heel-rise cycle), the 
AAFD group demonstrated higher first 
metatarsal DF compared to older con-
trols (P = .005). At peak heel rise, the 
magnitude of the difference between 
groups increased, as the first metatarsal 
plantar flexed in older controls, whereas 
the first metatarsal in the AAFD group 
remained in a dorsiflexed position (pair-
wise comparisons, P<.001). The older 
and younger control groups demonstrat-
ed no significant differences in first meta-
tarsal joint angle during either phase of 
the single-limb heel rise (pairwise com-
parisons, P>.05).
There was a significant group-by-
phase interaction for ankle PF joint angle 
(P<.001) (TABLE 3). Pairwise comparisons 
showed that during the preparation 
phase, the AAFD group exhibited lower 
ankle DF than older controls (P = .016), 
and at peak heel rise the AAFD group 
demonstrated lower ankle PF than older 
controls (P<.001). Although there were 
no significant differences between the 2 
control groups during the preparation 
phase, the older control group demon-
strated lower ankle PF at peak heel rise 
compared to younger controls (P = .001).
There was a significant effect of group 
on subtalar inversion angle (P = .027) 
(TABLE 3). When averaged across phases, 
the AAFD group exhibited less inversion 
compared to older controls (P = .027). 
No differences in inversion were found 
between the 2 control groups.
Excursions
The ANOVAs comparing sagittal plane 
first metatarsal and ankle excursion be-
tween groups were significant (P<.001) 
(TABLE 4). Post hoc pairwise comparisons 
revealed that the AAFD group exhib-
ited significantly lower first metatarsal 
(P<.001) and ankle (P<.001) excursions 
than older controls. Similarly, the older 
control group demonstrated signifi-
cantly lower first metatarsal (P = .042) 
and ankle (P = .007) excursions than the 
younger control group. There were no 
differences in subtalar joint excursions 
between groups (TABLE 4).
DISCUSSION
T
he novel findings of this study 
are that heel-rise height and 
foot-ankle kinematics during the 
single-limb heel rise differed between in-
dividuals with stage 2 AAFD and older 
controls. These findings differ from a 
previous study that evaluated foot and 
ankle kinematics during a double-limb 
heel-rise test,11 suggesting that the in-
creased load of the single-leg heel rise 
can influence heel-rise height and foot-
ankle kinematics. In the current study, 
individuals with AAFD exhibited lower 
single-limb heel height and lower fore-
TABLE 3
Joint Angles by Group During the Preparation 
and Peak Phases of the Heel Rise*
Abbreviations: AAFD, adult-acquired flatfoot deformity; DF, dorsiflexion; Ev, eversion; Inv, inver-
sion; PF, plantar flexion.
*Values are mean  SD unless otherwise indicated.
†Group-by-phase interaction.
‡AAFD different from older controls based on pairwise comparisons.
§Older controls different from younger controls based on pairwise comparisons.
║Group main effect.
Controls
Variable Younger (n = 15) Older (n = 15) AAFD (n = 20) P Value
Sagittal plane
First metatarsal PF (–)/DF (+) <.001†
Preparation, deg 6.7  4.0 7.6  5.9‡ 14.1  8.2
Peak, deg –19.2  9.6 –11.7  9.0‡ 5.7  11.3
Ankle PF (–)/DF (+) <.001†
Preparation, deg 10.5  3.2 13.5  4.8‡ 9.0  6.7
Peak, deg –22.1  5.8§ –12.7  6.7‡ –3.2  8.0
Frontal plane
Subtalar Ev (–)/Inv (+) .027║
Preparation, deg –5.8  2.7 –5.6  2.8‡ –8.1  3.8
Peak, deg 1.6  3.4 1.1  2.6‡ –0.8  3.5
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foot and rearfoot excursions compared 
to the older control group. In agreement 
with previous studies evaluating foot ki-
nematics,11,21,24,28,30 the finding of lower 
first metatarsal PF underscores the role 
of midfoot instability in impaired heel-
rise ability. The low ankle excursion was 
consistent with the premise that excessive 
rearfoot PF diminishes the ability of the 
ankle to contribute to a heel-rise height 
in persons with AAFD.11 These kinemat-
ic findings emphasize the importance of 
developing clinical approaches to rectify 
abnormal kinematics of the forefoot and 
rearfoot. In addition, those in the older 
control group demonstrated lower heel 
height than those in the younger control 
group, suggesting that clinical expecta-
tions for older patients may need to be 
adjusted for age.
Previous studies have quantified the 
normal number of heel-rise repetitions 
for plantar flexor endurance,13,18,19 yet a 
criterion to define a minimum heel-rise 
height has not been reported. This is 
important because heel-rise height may 
be indicative of the presence of AAFD. 
Consistent with previous studies,15,16,28 
participants with AAFD had difficulty 
performing the single-limb heel rise. Pre-
vious studies used the number of repeti-
tions of a heel rise (more an endurance 
than a strength test) rather than heel-rise 
height to assess performance. The find-
ings of the current study suggest that 
normalized heel height may be an addi-
tional metric during a single-leg heel rise 
to evaluate (1) calf strength and (2) foot 
function (see discussion below).
The altered forefoot and rearfoot 
joint angles in persons with AAFD were 
consistent with achieving a lower heel 
height. During the preparation phase 
of the heel-rise cycle, individuals with 
AAFD exhibited greater first metatarsal 
DF, lower ankle DF, and greater subta-
lar eversion than older controls (TABLE 3). 
These findings confirm that persons with 
AAFD transition between heel rises in a 
more pronated foot posture compared 
to older controls. On average, the AAFD 
group did not achieve first metatarsal PF 
at peak heel rise (5.7° first metatarsal DF) 
and achieved marginal ankle PF (mean, 
–3.2°). In contrast, the older controls 
achieved 11.7° of first metatarsal PF and 
12.7° of ankle PF at peak heel rise. Par-
allel to the findings related to peak joint 
angles, reduced excursions also were ob-
served in the AAFD group. The AAFD 
group displayed 37.1% less first metatar-
sal excursion and 42.4% less ankle excur-
sion compared to older controls (TABLE 4).
Consistent with clinical reports, per-
sons with AAFD demonstrated subtalar 
eversion joint angles throughout heel-
rise performance (TABLE 3). Because the 
subtalar inversion excursion was relative-
ly small (approximately 7°), it is possible 
that differences in subtalar joint angles 
were not detected, given that skin-track-
ing errors have been estimated to be 2° 
to 3°.22 Additionally, subtalar excursion 
was not significantly different between 
groups, reinforcing the lack of consisten-
cy in subtalar eversion as a sign of AAFD. 
Although two thirds of the subjects with 
AAFD failed to demonstrate subtalar in-
version during the heel rise, one third of 
both the younger and older controls also 
failed to demonstrate subtalar inversion 
at peak heel rise (FIGURE 2). Taken togeth-
er, the small magnitude and inconsisten-
cy of rearfoot eversion that characterized 
the AAFD group suggest that rearfoot 
eversion during a heel rise is of question-
able clinical utility in assessing dynamic 
foot function in persons with AAFD.
Similar to a previous study using 
the bilateral heel-rise test,11 the forefoot 
and rearfoot joint angles in the current 
study were biased toward foot pronation 
in persons with AAFD when compared 
to controls. However, evaluation of the 
single-limb heel rise led to more marked 
differences in heel-rise performance 
and kinematics. Houck and colleagues11 
reported that persons with AAFD dem-
onstrated no differences in bilateral heel-
rise height or foot and ankle excursions 
compared to controls. Yet, in the pres-
ent study, there were marked differences 
among groups in heel height and sagittal 
plane excursions. For example, Houck et 
al11 reported that approximately 50% of 
AAFD participants achieved some degree 
of first metatarsal PF during a bilateral 
heel rise. In contrast, only 30% of partici-
pants with AAFD achieved first metatar-
sal PF in the current study (FIGURE 2). The 
significance of this finding is highlighted 
by the fact that nearly all control subjects 
(younger and older) achieved first meta-
tarsal PF. Thus, under a higher load, the 
forefoot and rearfoot did not attain suf-
ficient excursion in persons with AAFD 
to achieve a heel-rise height comparable 
to controls.
The identification of abnormal kine-
matics consistent with AAFD may mo-
tivate strategies to stabilize the midfoot 
in participants with AAFD. For example, 
alterations in forefoot kinematics as-
sociated with AAFD may stimulate the 
TABLE 4
Joint Excursions by Group From Preparation 
Phase to Peak Heel Rise*
Abbreviation: AAFD, adult-acquired flatfoot deformity.
*Values are mean  SD unless otherwise indicated.
†Older controls different from younger controls based on pairwise comparisons.
‡AAFD different from older controls based on pairwise comparisons.
Controls
Variable Younger (n = 15) Older (n = 15) AAFD (n = 20) P Value
Sagittal plane
First metatarsal excursion 25.8  12.2† 19.4  6.4‡ 7.2  6.6 <.001
Ankle excursion 32.6  6.6† 26.2  6.3‡ 11.1  6.3 <.001
Frontal plane
Subtalar excursion 7.3  3.4 6.8  2.8 6.6  3.1 .771
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development of exercises that result in 
improved forefoot PF. Currently, stud-
ies evaluating exercises targeting the 
forefoot and its mechanics are limited.9,14 
In contrast, emphasis on rearfoot fron-
tal plane control1 or specific exercise for 
the posterior tibialis muscle12,15 has been 
high. Similarly, orthotic strategies typi-
cally emphasize rearfoot control as op-
posed to forefoot control for patients with 
AAFD.25 Yet, the findings of the current 
study, along with the study by Houck et 
al,11 indicate that abnormal sagittal plane 
kinematics of both the forefoot and rear-
foot need to be considered.
There were few kinematic differences 
between the older and younger control 
groups. The lower ankle PF in the older 
control group was the primary kinematic 
difference and likely contributed to the 
lower heel-rise height between these 2 
groups. On average, the older control 
group exhibited 12% less peak heel-rise 
height than the younger control group 
(TABLE 2). Although these findings sug-
gest an age-associated decline in heel-
rise performance, a variety of factors in 
older adults may also influence peak heel 
height and ankle joint angles. For ex-
ample, gender, weight, foot posture, foot 
and ankle mobility, and fitness level may 
modify expectations of heel-height per-
formance and foot-ankle kinematics. The 
findings of the current study highlight 
the need for clinicians to expect slightly 
lower heel height during a single-limb 
heel rise in older participants.
Limitations
There are several limitations of the cur-
rent study that should be considered 
when interpreting the results. The find-
ings of the current study could have been 
influenced by the severity of AAFD, as 
determined by the inclusion criteria, and 
sample characteristics. For example, the 
groups differed significantly in terms of 
weight and body mass index (TABLE 1). 
However, it should be noted that weight 
was not associated with foot-ankle kine-
matics in the current study. The kinematic 
model used in our study lacked specificity 
with respect to foot joints and represent-
ed the sum of motion of several joints (ie, 
talonavicular, naviculocuneiform, medial 
cuneiform-first metatarsal). Also, a criti-
cism of only reporting joint angles is that 
they are potentially influenced by the use 
of the subtalar neutral position to define 
a common foot position to compare foot-
ankle kinematics. Therefore, both joint 
angles and excursions were reported. 
Further, the average subtalar neutral-
position angle was statistically equiva-
lent between groups, and the differences 
between groups were large, suggesting 
the comparisons in joint angles were not 
biased by the subtalar neutral position.
CONCLUSION
T
his study demonstrated that 
participants with stage 2 AAFD 
achieved lower heel-rise height 
during a single-leg heel rise compared 
to a healthy control group. Both forefoot 
and rearfoot kinematics in the sagittal 
plane, not the frontal plane, were altered 
in participants with stage 2 AAFD when 
compared to healthy controls. This find-
ing suggests that abnormal kinematics of 
both the forefoot and rearfoot contribute 
Younger Controls
Tibia
Calcaneus
First metatarsal
Ankle (calcaneus relative to tibia)
Plantar flexion, 100% of subjects
First metatarsal relative to calcaneus
Plantar flexion, 100% of subjects
AAFD
Tibia
y
x
Rotation around
the z-axis
Calcaneus
First metatarsal
Ankle (calcaneus relative to tibia)
Plantar flexion, 60% of subjects
Dorsiflexion, 40% of subjects
First metatarsal relative to calcaneus
Plantar flexion, 30% of subjects 
Dorsiflexion, 70% of subjects
Older Controls
Tibia
Calcaneus
First metatarsal
Ankle (calcaneus relative to tibia)
Plantar flexion, 100% of subjects
First metatarsal relative to calcaneus
Plantar flexion, 93% of subjects
Dorsiflexion, 7% of subjects
FIGURE 2. Percentage of people who achieved subtalar neutral position at the peak of the single-limb heel rise, 
by group. Abbreviation: AAFK, adult-acquired flatfoot deformity.
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to the difficulty in achieving heel-rise 
height in persons with AAFD. In addi-
tion, the older control group demon-
strated lower heel-rise height than the 
younger control group, indicating that 
clinical expectations of heel-rise perfor-
mance may need to be adjusted for age. t
KEY POINTS
FINDINGS: Altered sagittal plane kinemat-
ics of the first metatarsal and ankle, as 
opposed to abnormal subtalar eversion, 
appear to be kinematic factors that 
contribute to a lower heel-rise height in 
persons with AAFD.
IMPLICATIONS: Heel-rise height during 
a single-limb heel rise may be a useful 
clinical metric in persons with AAFD. In 
contrast, assessing subtalar eversion dur-
ing the single-limb heel rise may have 
limited clinical utility due to the small 
magnitude and inconsistency of this ki-
nematic pattern in persons with AAFD.
CAUTION: While individuals with AAFD 
demonstrated abnormal foot and ankle 
kinematics, neither the cause of instabil-
ity nor the mechanism to restore kine-
matics is known. Also, these findings are 
specific to the severity (stage 2) of AAFD 
and the kinematic methods used.
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